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ABSTRACT
Giant flares (GFs) are unusual bursts from soft gamma-ray repeaters (SGRs) that release an enor-
mous amount of energy in a fraction of a second. The afterglow emission of these SGR-GFs or GF
candidates is a highly beneficial means of discerning their composition, relativistic speed, and emis-
sion mechanisms. GRB 200415A is a recent GF candidate observed in a direction coincident with
the nearby Sculptor galaxy at 3.5 Mpc. While GeV emission is yet not observed from the magnetars,
here, we constrain the flux in the past 12 years of observations by Fermi in the direction of GRB
200415A. The observations confirm that the GRB 200415A is observed as a transient GeV source. We
find that a pure pair-plasma fireball cannot explain the observed energetic photons during afterglow
emission. A baryonic poor outflow is additionally required to convert the kinetic energy into radiation
energy efficiently. A baryonic rich outflow is also viable, as it can explain the variability and observed
quasi-thermal spectrum of the prompt emission if dissipation is happening below the photosphere via
internal shocks. Hints of a correlation of the peak energy and isotropic luminosity are present in the
time-dependent data. This supports that the Ep − Eiso correlation found in SGRs-GFs can be indeed
intrinsic to these sources, thus, favoring a baryonic poor outflow, and the variability arising intrinsically
from the injection process.
Keywords: Magnetars; Soft Gamma Repeater - Giant Flares
1. INTRODUCTION
Soft gamma-ray repeaters (SGRs) are young, slow-
spinning magnetars, exhibiting tens to hundreds of short
(duration of ms to s), repetitive bursts in a soft gamma-
ray band (Duncan & Thompson 1992a; Thompson &
Duncan 1995). During their active outburst phases the
magnetars exhibit strong flaring activities spanning a
vikasK2@nju.edu.cn, jjoshi@nju.edu.cn and bbzhang@nju.edu.cn
wide range of intensity and durations 1. Magnetar flare
emission activities are broadly classified into (i) short
bursts (1036 − 1041 erg s−1) that last for a duration
ranging from a few milliseconds to a few seconds, (ii)
intermediate bursts (1041 − 1043 erg s−1) or (iii) giant
flares (GFs) (1044−1047 erg s−1) lasting for several min-
utes (see e.g., Kaspi & Beloborodov 2017). The GFs
1 https stafff˙nwiu˙van˙l/al˙w˙atts/magnetar/mbh˙tml
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of SGRs are typically characterized by short hard ini-
tial intensity spikes followed by a gradual intensity de-
cay over hundreds of seconds, during which oscillations
corresponding to the magnetar pulsation period are ob-
served. The total energy released in such extreme events
typically corresponds to 1044−1046 ergs. Only four con-
firmed GFs have been discovered since 1979 from four
SGRs: SGR 0526-66 (Mazets et al. 1979, 1982), SGR
1627-41 (Mazets et al. 1999a; Woods et al. 1999), SGR
1900+14 (Cline et al. 1998; Hurley et al. 1999; Kouve-
liotou et al. 1999; Mazets et al. 1999b), and SGR 1806-20
(Mereghetti et al. 2005; Palmer et al. 2005; Hurley et al.
2005; Frederiks et al. 2007a), respectively. Because of
their intense gamma-ray luminosity and spectral char-
acteristics, distant (extra-galactic) SGR-GFs have long
been proposed to contribute at least a subset of the ob-
served short Gamma-ray Bursts (sGRBs) (Hurley et al.
2005). GRB 051103 (Frederiks et al. 2007b; Ofek et al.
2006) and GRB 070201 (Mazets et al. 2008; Ofek et al.
2008) in the past have been proposed as candidates of
GF-sGRBs. GRB 200415A is the first extragalactic GF
candidate observed by Fermi space observatory (Yang
et al. 2020; Zhang et al. 2020).
The physical mechanism of GFs is still a puzzle despite
many investigations (Thompson & Duncan 1995; Lyu-
tikov 2003; Parfrey et al. 2013). The relation between
the time-integrated properties of the GFs (Zhang et al.
2020) and in their evolution during a GF (this work) can
provide insights into these. Afterglow emissions are an-
other possible electromagnetic counterpart of GFs. Pre-
viously, radio afterglow emissions have been detected
from two GF sources (Frail et al. 1999; Gaensler et al.
2005; Cameron et al. 2005). For GRB 200415A, emis-
sion in Fermi-Large area telescope is reported (Omodei
et al. 2020). In the Fermi era, GRB 200415A is the first
GF candidate, and therefore the observed LAT emission
would be first detection of GeV radiation from mag-
netars. Prior to this source, GeV radiation is not de-
tected from magnetars, and only upper limits on flux
∼ 10−12−10−11erg cm−2 s−1 are known (Li et al. 2017).
Hence, it forms an exquisite opportunity to look into the
energetic and origin of this emission also in conjunction
with observed prompt emission properties.
2. ANALYSIS
2.1. Prompt Emission
We adopted the results of Yang et al. (2020) of prompt
emission observed in γ-rays by gamma-Ray burst moni-
tor (GBM) on board Fermi gamma-ray space telescope.
The isotropic equivalent energy of the GF and and peak
luminosity, assuming its association with the Sculptor
galaxy (NGC 253 at 3.5 Mpc), are estimated as Eγ,iso =
1.36+0.14−0.13 × 1046 erg and Lγ,p,iso = 1.62+0.21−0.16 × 1048
erg s−1, respectively. The radiation luminosity for the
time-integrated duration of 0.2 s is ∼ 7× 1046 erg s−1.
2.2. The Fermi/LAT Observation of GRB 200415A
We retrieved the photon event data files and the space-
craft history files (pointing and livetime history) from
the LAT data server2 at the updated localisation of the
LAT observations J2000 RA, Dec = 11.07, -25.02 de-
grees (Omodei et al. 2020). To confirm the transient
nature of the emission, the data are collected between
5 days prior to the trigger time (T0) to 5 days after in
a spatial radius of 40◦ and energy range of 100 MeV to
300 GeV. We selected a 12◦ region of interest centred at
the burst location and also constrained the zenith angle
to 100◦ to avoid contamination from the Earth’s limb.
Long term analyses are also carried after this analysis
with the same cuts on the data.
To ascertain the detection of the GRB, we selected
the cleaner ”Pass 8 source” class (evclass = 128 and
evtype = 3) with response function P8R3 SOURCE V2.
The corresponding model for extragalactic diffused
gamma-ray background iso P8R3 SOURCE V2.txt is
used and for the galactic contribution, diffused gamma-
ray emission is estimated using the official galactic in-
terstellar emission model gll iem 07.fits. For the in-
terval of a 10,000 s before the GRB and also from the
trigger time to 1000 s, we performed unbinned likeli-
hood analysis and have shown the residual test-statistic
map in Figure 1. In short duration of 500 s and 1000
s, the analyses show that the GRB is more prominently
detected in the first interval than the latter. On a scale
of one day, the photons are still sparsely distributed
and thus unbinned likelihood analysis is performed using
gtlike. The GRB contribution to the observed statis-
tics is evaluated using a powerlaw23 model, and flux
(photon and energy flux) is calculated in 0.1 - 10 GeV
energy range. The upper limits are obtained by assum-
ing a spectral shape with index equal to -2. The spectral
results and upper limits are listed in Table 2.2. The pho-
ton flux and luminosity upper limits are also plotted in
Figure 1(a).
For an upper limit on quiescent emission, we also anal-
ysed the 11.5 years of Fermi-data using binned likelihood
analysis in bin-sizes of six months. The parameters of
the sources within 3◦ centred on the GRB position (as
marked by yellow circle in Figure 1) are kept free for
2 https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.
cgi
3 https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/
source models.html#PowerLaw2
GRB 200415A : Constraints from the Fermi-LAT Data 3
the likelihood fit. The flux upper limits and luminos-
ity are plotted in Figure 2. To confirm if there is any
repetitive emission, we binned the data since 2009-01-01
UTC in a bin size of 2 days. The known point sources
in ROI are also included4 and parameters are fixed to
the values reported in the fourth Fermi source catalog
(Abdollahi et al. 2020). The flux averaged over the six
months upper limits (blue dashed line in Figure 2 (b)) is
extrapolated (e.g. as in Yang et al. (2019)) to a binsize
of 2 days and shown in red line in Figure 2 (d)).
3. RESULTS
The injected gamma ray luminosity Lγ ∼ 7 × 1046
erg s−1, in a volume of radius R0 ∼ 106 cm, pro-
duces a fireball, which expands due to its own radia-
tion pressure. The optical depth for γ − γ interaction
is τγγ & EσT/(4pieγR0ct) ≈ 1.36 × 1011E46.13R−10,6t−1−0.7,
with notation X = 10nXn. Where σT is the Thomp-
son cross-section, t ∼ 0.2t−0.7 s is the duration of the
prompt emission, and eγ ∼ 900 keV is the mean energy
obtained from time-integrated spectral fit. This huge
optical depth creates a radiation and e± pair dominated
plasma, with initial temperature T0 ≈ (E/4piR2σt)1/4 ≈
270E
1/4
46.13R
−1/2
0,6 t
−1/4
−0.7 keV (Paczynski 1986; Nakar et al.
2005). The Lorentz factor of this plasma increases
with radius Γ ∝ R and temperature is inversely pro-
portional to radius T ∝ R−1 (Goodman 1986; Paczyn-
ski 1986; Shemi & Piran 1990; Duncan & Thompson
1992b; Piran et al. 1993; Meszaros et al. 1993; Katz
1996). During this evolution, at some stage, pair pro-
duction is negligible and we can estimate number of
pairs N± ≈ 4×1044E3/446.13R−1/20,6 t1/4−0.7 (Nakar et al. 2005).
Even after this stage, photons are coupled to the pairs
through scattering, which accelerate the pair plasma
to a bulk Lorentz factor Γ±. The bulk Lorentz fac-
tor and kinetic energy of the pair plasma is given by
Γ± = (EσT/4pic3tmeR0)1/4 ≈ 620E1/446.13R−1/40,6 t−1/4−0.7 and
E± = N±Γ±mec2 ≈ 1.9 × 1041erg, respectively (Nakar
et al. 2005).
For the afterglow observed by Fermi-LAT in the en-
ergy range 0.1-10 GeV, during 0-1000 s, we calculate en-
ergy flux, which is ∼ (3.78±2.24)×10−09 erg cm−2 s−1.
This component has the total energy ELAT ≈ 5.53×1045
erg. This is the absolute lower limit on the energy of
the relativistic ejecta, however, the kinetic energy left
in pair plasma is ∼ 10−5 of the LAT GeV component.
This also infers that, in such a scenario, the observed
LAT afterglow can not be powered by the pair fireball
which powers the prompt emission.
4 user contributed software https://fermi.gsfc.nasa.gov/ssc/data/
analysis/user/python3/make4FGLxml.py
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Figure 1. The normalized test statistic map (TS) in a re-
gion 16◦× 16◦ region at 0.2◦ resolution is created (zoomed).
A circle of 3◦ radius centred on the GRB position is shown
in yellow. The first image is the location of the many de-
tections with (shown here for the signal with significance ≈
15). Other detections with TS > 16 represented in Figure 2
in firebrick color are also at this location so we didn’t show
them here. Second image shows the TS map from -10000
to 0 s, and the third image is TS map from 0 - 1000 s. A
maximum TS value of 26 is obtained at the GRB location
signaling a ∼ 5 σ detection. The GRB is associated to the
Sculptor galaxy (NGC 253) which is marked in an white open
cross here. Other known sources from the Fermi-LAT fourth
source catalog are marked by open circles.
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Figure 2. (a) Evolution of photon fluxes for GRB 200415A from T0-5 days to T+5 days with 1-day bin size. The horizontal
blue dashed lines correspond to the total fluxes limit for combined bins from 1 to 5 days before and after the trigger. Fermi
LAT detected high energy photons in the first temporal bin (firebrick colored circle) after the detection. (b) The photon fluxes
(blue) and corresponding luminosities (red) upper limits from LAT observations of GRB 200415A location in 12 years with a
half-year bin. The blue and red horizontal dashed lines show the averaged values of the 12 years upper limits of photon fluxes
and luminosities, respectively. (c) Distribution of significance for 12 years LAT observations with 2 days temporal binning. The
solid red line shows the TS equal to 16 and the dashed line indicates to TS of the source during the trigger bin. (d) Fermi LAT
flux light curve for 12 years observations of GRB 200415A. Blue circles show the upper limits (TS < 16) and firebrick circles
show the detection of high energy photons (TS > 16). Open and filled firebrick circles show the TS values 16 < TS < 25 and
TS > 25, respectively. The red solid line shows the 2 days photon flux upper limit extrapolated from the average value of the
12 years upper limits (Yang et al. 2019). The vertical black dashed lines show Fermi GBM trigger time in (b), (c), and (d),
respectively.
In addition to radiation and e± pairs, if the fireball is
also loaded with baryons, having baryon injection rate
M˙, and L0 = Lγ , then its evolution is parameterized
by the parameter η = L0/M˙c
2 (Shemi & Piran 1990;
Ioka et al. 2005b). We will consider two possible load-
ing cases, (i) baryonic poor (BP) outflow, when η > η∗,
where, η∗ = (L0σT/4pimpc3R0)1/4 = 91L
1/4
0,46.8R
−1/4
0,6 is
the critical entropy (Me´sza´ros & Rees 2000). In the BP
case, the photosphere undergoes an accelerating phase,
if photospheric radius is below the saturation radius
(Me´sza´ros & Rees 2000). The observed temperature is
Tph = T0 ∼ 270 keV and quasi-thermal emission has
peak at 900 keV. The emission is radiated away from the
photospheric radius and the final Lorentz factor would
be Γf = η∗ ≈ 90. From the observed afterglow, and the
energy remaining in the baryons η < ξL(E/ELAT)× η∗,
where ξL is the efficiency of conversion of the KE of the
observed GeV afterglow. If we assume, all of the KE is
used in the GeV afterglow, then, we find η < 227. The
baryonic load can be constrained using this η, and there-
fore will have a value of M > E/ηc2 ≈ 6.65 × 1022gm.
On the other end, the condition η > η∗ demands an ef-
ficiency > 40% for the observed afterglows and energy
in the prompt emission. Now, using η > η∗, we have an
upper limit on baryonic load M < 1.66×1023 gm. In the
BP case, using the observed afterglows we constrain the
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Table 1. Upper limits of LAT observations of GRB 200415A
t1 t2 Photon Flux Energy Flux Luminosity
(ph cm−2s−1) (erg cm−2s−1) (erg s−1)
2009-01-01 2009-07-01 6.52×10−9 4.86×10−12 7.12×1039
2009-07-01 2010-01-01 4.84×10−9 6.5×10−12 9.52×1039
2010-01-01 2010-07-01 6.44×10−9 4.8×10−12 7.03×1039
2010-07-01 2011-01-01 6.65 ×10−9 4.95×10−12 7.25×1039
2011-01-01 2011-07-01 6.32 ×10−9 4.71×10−12 6.90 ×1039
2011-07-01 2012-01-01 6.73 ×10−9 5.01×10−12 7.34×1039
2012-01-01 2012-07-01 6.37 ×10−9 4.75×10−12 6.69×1039
2012-07-01 2013-01-01 6.72 ×10−9 5.01×10−12 7.34×1039
2013-01-01 2013-07-01 6.37 ×10−9 4.75×10−12 6.96×1039
2013-07-01 2014-01-01 6.42 ×10−9 4.79 ×10−12 7.02 ×1039
2014-01-01 2014-07-01 6.21 ×10−9 4.63×10−12 6.78×1039
2014-07-01 2015-01-01 5.44 ×10−9 4.05 ×10−12 5.93×1039
2015-01-01 2015-07-01 6.2×10−9 6.62×10−12 9.70×1039
2015-07-01 2016-01-01 6.59 ×10−9 4.91×10−12 7.19 ×1039
2016-01-01 2016-07-01 6.26 ×10−9 4.66×10−12 6.83 ×1039
2016-07-01 2016-01-01 6.37 ×10−8 4.75×10−12 6.96 ×1039
2017-01-01 2017-07-01 5.7 ×10−9 4.25×10−12 6.23 ×1039
2017-07-01 2018-01-01 5.7 ×10−9 4.25×10−12 6.23×1039
2018-01-01 2018-07-01 5.93 ×10−9 4.42 ×10−12 6.48 ×1039
2018-07-01 2019-01-01 6.37 ×10−9 4.75×10−12 6.96×1039
2019-01-01 2019-07-01 6.43 ×10−9 4.79 ×10−12 7.02×1039
2019-07-01 2020-01-01 5.94 ×10−9 4.43 ×10−12 6.49×1039
2020-01-01 2020-07-01 6.06 ×10−9 4.52 ×10−12 6.62×1039
baryonic load to be 6.65 × 1022 gm < M < 1.66 × 1023
gm.
At the deceleration time of the external forward shock,
the Lorentz factor is one half of the initial Lorentz fac-
tor. Assuming peak time to be the observed time, when
the first photon (probability ≥ 0.9) from the source is
received. Using the initial Lorentz factor we can con-
strain the ambient density of the medium (Sari & Pi-
ran 1999). For Γ0 ∼ 45E1/8k,47n−1/80 t−3/8γ,2 , and η∗ = 91,
tγ = tstart ∼ 19s = ti,obs ∼ 19 s (time when first
photon with probability ≥ 0.9 is received) and using
EK = (η∗/η)Eγ,iso, Γ0 = η∗, we found n < 4×10−4cm−3.
This is much smaller than typical ambient medium den-
sity n0 = 1 cm
−3. Here we have assumed, peak time to
be the start of the LAT emission. The density would be
lower, if peak occurs later than this.
The other case is (ii) baryonic rich (BR) ejecta, here
the photosphere is in a coasting phase (Nakar et al.
2005). The emission observed in Fermi-GBM has a min-
imum variability timescale (∼ 2ms Yang et al. 2020),
which is one of the extreme values, when compared
to a sample of GRBs (Yang et al. 2020). In the
time-dependant spectral analysis, for interval -5 – 120
ms, blackbody, multicolor-blackbody or a quasi-thermal
spectrum is a preferred fit while for interval 120 – 200
ms, it is best fitted by a powerlaw. Thermal emission
from internal shocks can arise if it occurs below the pho-
tosphere (Rees & Meszaros 2005). In case a case for the
kinetic enrgery left in the ejcta can be ∼ 10 times the
radiation energy and a jet configuration or atypical pa-
rameters may required to explain the afterglows (e.g.,
as in case of SGR 1806-20 Ioka et al. (2005a)). The
temperature/peak energy tracks the photons flux (Yang
et al. 2020). Such an evolution can arise from multi-
ple superimposed pulse evaluations (e.g. as discussed in
reference to GRBs by Preece et al. 2016).
We note that very recently (Zhang et al. 2020) have
discussed the magnetar GF origin of the emission in
GRB 200415A. After finding a correlation, similar to
Amati correlation in GRBs, for the magnetar GF candi-
dates. They have discussed the standard analysis (e.g.,
in reference to GFs Nakar et al. 2005; Ioka et al. 2005a;
Dai et al. 2005; Wang et al. 2005) and outlined the na-
ture of the outflow composition and energetics. They
ruled out BR outflow based on the relation between the
observed temperature and isotropic energy.
Such a correlation, if intrinsic, should also be
present between the considered observables in the time-
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dependant data (Frontera et al. 2012). We take CPL
model parameters (Yang et al. 2020) and find that hints
of such a correlation between the peak energy Ep and
isotropic luminosity Liso is present with Pearson linear
correlation coefficient r = 0.74, and p-value = 0.02;(
Ep
1keV
)
≈ 396+130−97
(
Liso
1046erg
)0.2±0.1
. (1)
In another form, we have log(Ep,0) ∼ 2.6 + (0.2 ±
0.1)log(Liso,46) which is consistent with their results
(Ep ∼ E1/4iso ). The scaling relation between energy and
flux is
(
Ep
1keV
)
≈ 719+90−85
(
F
10−4erg cm−2 s−1
)0.25±0.10
(2)
.
For a BP outflow, the temperature observed is the
photospheric temperature (T ∼ T0). This implies the
variability is intrinsic to the injection process rather
than the dynamics of the outflow. Multiple thermal
shells with varying temperatures might be injected from
the central source. This is also evident from the ob-
served BB spectrum in bins 2 ms or mBB spectra
favoured in some of the time-resolved bins. The dis-
persion in the correlation can arise in such a case from
other parameters, which may vary within injections,
such as injection radius R0. The first two points in
the time-dependant spectra during -0.005 to 0.001 s are
farther from the fitted correlation (assuming uptrend is
favoured). If we exclude these two data-points, both the
correlation and significance strengthened. The Pearson
linear correlation coefficient is r = 0.95 (p = 0.0007),
and linear correlation between the logarithmic values
of the Ep & Liso is 0.97 (0.0003). The new relation is
(Ep,0 ≈ 377+43−40L0.3±0.04iso,46 ). Interestingly, this can sup-
port the models where the spike in the GF is produced
by a different mechanism e.g., Takamoto et al. (2014).
4. DISCUSSION
We have systematically shown the transient nature of
the afterglow emission in case of the GF candidate GRB
200415A. We have calculated long term upper limits on
the luminosity in GeV emission. We have shown that
the high energy emission as observed in Fermi-LAT in a
BP fireball ejecta runs into the ambient medium. Since
emission in LAT is observed only in the afterglows, the
nature of the ambient medium cannot be constrained.
However, the delayed onset of the afterglows constrains
the Lorentz factor and density of the ambient medium.
The existence of the time-dependent relation between
the peak energy and isotropic luminosity emitted by the
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Figure 3. Top panel: Time-dependant Ep−Flux correlation
for GRB 200415A. The red line shows the best fit. Bottom
panel: Corner plot shows the results obtained from MCMC
simulation for a simple power-law model. a and k represent
the index and norm of the model, respectively.
source similar to the time-averaged correlation found for
the GF candidates favours a BP outflow (Zhang et al.
2020).
The spectral evolution and the variability during a
GF indicate the complex nature of the central source.
The observed features for eg. QPOs are originating from
magnetic reconnection scenario and seismic modes in the
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magnetar crust developed during the GF and aided by
the intense magnetic field (Strohmayer & Watts 2006).
For nearby GF-candidate GRBs with unknown dis-
tance, the power of the scaling (Eq. 2) relation discussed
in this letter is that one can use the relation between the
peak energy and flux for distinguishing it from short
GRBs.
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